Introduction
Both single cell recordings and non-invasive functional imaging suggest that the primate auditory cortex has a tonotopic organization. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Recent work suggests a possible second mechanism for encoding stimulus frequency: the precise timing of the neural response. 12 Specifically, at suprathreshold levels the peak in the dominant auditory evoked magnetic field, known as the M100 (N1m), is a function of the stimulus frequency. The amplitude of pure tone stimuli is also known to affect the auditory evoked magnetic field (AEF). Previous studies have documented both a shortening of the M100 latency and an increase in evoked field amplitude as the intensity of the stimulus is increased. 13, 14 Furthermore, it has been suggested that the auditory cortex has an amplitopic organization, with louder stimuli associated with a more superficial location. 15 For strongly suprathreshold stimuli at constant gain, Roberts and Poeppel 12 have characterized the precise latency of the M100 peak of the AEF as a function of the stimulus tone. Mid-range frequencies (500-2000 Hz) were associated with shorter M100 latencies. Most importantly, lower frequency stimuli (100-200 Hz) gave rise to relatively delayed M100 responses. It was suggested that the characteristic electrical activity of recruited neurons in the auditory cortex may reach a peak at a latency that depends on the frequency of the presented sound.
In that study, at suprathreshold presentation levels (30-70 dB SL), little influence of stimulus intensity on evoked response latency was found. However, it has been reported that stimulus intensity indeed has an effect on evoked response latency for presentation levels near the hearing threshold. A question therefore arises as to whether the latency-based coding of stimulus frequency observed at strongly suprathreshold levels is still found at lower stimulus intensities, where evoked response latency may also be affected by stimulus presentation level.
The present magnetoencephalography (MEG) study investigated whether the frequency response function of the AEF is preserved at various intensities, especially near hearing threshold.
Materials and Methods
All research procedures were performed in accordance with the Institutional Committee on Human Research. Informed consent was obtained from all volunteers in this study. Seven male subjects (age 20-32 years, right-handed) underwent magnetoencephalography (MEG) while listening to tone bursts of various frequencies and intensities. Stimuli consisted of pure sinusoidal tones of 400 ms duration and frequencies 100, 200, 2000 and 3000 Hz. These were generated using a Wavetek frequency synthesizer (Model 395, Wavetek, San Diego, CA) and presented independently at inter-stimulus intervals of 0.9-1.1 s, with each tone occurring at least 100 times. Hearing thresholds were determined individually for each frequency. The threshold was defined as the stimulus intensity where the subject RECENT work has suggested that, in addition to spatial tonotopy, pitch and timbre information may be encoded in the temporal activity of the auditory cortex. Specifically, the post-stimulus latency of the maximal cortical evoked neuromagnetic field (M100 or N1m) is a function of stimulus frequency. We investigated the additional effect of varying the stimulus intensity on the M100 response. A 37-channel biomagnetometer recorded neuromagnetic fields over the temporal lobe of healthy volunteers in response to monaurally presented tones. The frequency dependence of the M100 latency remained remarkably invariant even at low stimulus intensity. Thus, for peri-threshold stimuli, frequency information appears encoded in the temporal form of the evoked response.
responded correctly ~70% of the time. Stimuli were presented at 0 dB sensation level (SL), 5 dB SL, 10 dB SL and 20 dB SL, monaurally to the right ear. For one subject, the 1 kHz tones were presented at 5 dB SL, 10 dB SL, 20 dB SL, 30 dB SL and 40 dB SL. These measurements were repeated a total of four times to assess stability of M100 latency determinations.
The 37-channel biomagnetometer sensor array (Magnes, Biomagnetic Technologies Inc., San Diego, CA) was positioned over the left temporal area, contralateral to the stimulus presentation, so as to optimally record the M100 elicited by a reference 1000 Hz tone presented at approximately 40 dB SL. MEG epochs of duration 600 ms were collected around each stimulus (100 ms pre-trigger) and were averaged for each stimulus condition to improve signal-to-noise ratio. Data sampling rate was ~1 kHz/ channel.
Time-averaged MEG epochs were filtered using a 1-20 Hz digital bandpass filter. At each sample point the single equivalent dipole (SED) best describing the measured extracranial AEF was computed. 16, 17 The M100 latency was defined as time of occurrence of the maximum root mean square (r.m.s.) magnetic field amplitude in the 90-210 ms post-stimulus window, subject to a model-data correlation > 0.90. This latency window is wide and the correlation relatively low to allow for delayed and weak M100 responses at low stimulus intensities. Figure 1 illustrates the averaged response in a single sensor channel for a 1000 Hz tone stimulus presented at two intensities (10 dB SL and 5 dB SL). The lower stimulus intensity was associated with a longer latency of the M100 peak. Furthermore, the response amplitude of the neuromagnetic evoked field was lower at the lower stimulus intensity. Figure 2 shows the M100 latency response of a single subject to 1 kHz tone presentation at a variety of sensation levels, including peri-threshold values of 5 dB SL, 10 dB SL and 20 dB SL. At peri-threshold levels, increased stimulus intensity was associated with a decreased latency; above ~30 dB SL no further decrease in M100 latency was observed at this frequency. Thus it is observed that stimulus intensity indeed plays a significant role in determining M100 latency at peri-threshold presentation levels in contrast to the observations of Roberts et al., which were made at substantially suprathreshold presentation levels.
Results
Response amplitude tends to increase with stimulus presentation intensity (for example, at 1 kHz, 5 dB: 85.7 ± 22 fT (mean ± s.e.m.), 20 dB: 131 ± 26 fT; repeated-measures ANOVA, p < 0.01). In the one subject in whom higher intensities (30 dB SL and 40 dB SL) were used a discordance was observed: the response amplitude attributable to low frequency stimuli remained constant above 20 dB SL (92 ± 6 fT at 100 Hz), whereas the amplitude corresponding to high frequency stimuli continued to increase with increasing stimulus intensity.
The composite data for five subjects is presented in Fig. 3 , where mean M100 latency is plotted as a S
stimulus presented at two intensities (10 dB SL and 5 dB SL). Note that the lower stimulus intensity produced a longer latency of the M100 peak, and the response amplitude was diminished at the lower stimulus intensity.
FIG. 2.
The M100 latency response of a single subject to 1 kHz tone presentation at a variety of sensation levels, including peri-threshold values of 5 dB SL, 10 dB SL and 20 dB SL. At peri-threshold levels, increased stimulus intensity was associated with a decreased latency; above ~30 dB SL, no further decrease in M100 latency was observed at this frequency. The error bars indicate the reproducibility of these M100 determinations, as they represent the standard error of the mean (s.e.m.) over four repeated measurements in the same subject.
function of frequency at three intensity levels. The other two subjects were excluded from the analysis because they did not have measurable M100 evoked peaks at more than three frequencies and intensities. All other subjects elicited a measurable M100 at all intensities and frequencies. Note that at each intensity level the shape of the frequency dependence of the M100 latency was retained: lower frequency stimuli gave rise to longer latency M100 peaks, despite generally prolonged latencies at lower stimulus presentation levels. Indeed, the magnitude of the latency disparity between low and high frequency stimuli seemed to increase at lower presentation levels (as M100 latencies were increased in general): the latency shift between responses to 100 Hz and 1 kHz tones was 40 ms at 5 dB SL, 33 ms at 10 dB SL and 30 ms at 20 dB SL.
At the hearing threshold itself, the neuromagnetic response varied widely from subject to subject. Three of the five subjects elicited a measurable M100 at at least one frequency, and one subject had an M100 at two frequencies.
The majority (56 of 60) of SED localizations arising from suprathreshold stimuli satisfied a modeldata correlation r > 0.90. Tonotopic organization was investigated by comparing the slopes of the mediolateral coordinate locations of the dipole sources. No tonotopic or amplitopic organization of the M100 source was resolved.
Discussion
The latency characteristic of the M100 as a function of the stimulus frequency is remarkably well preserved at different intensity levels. That is, at each intensity level, low frequency stimuli evoked relatively longer latency M100 peaks than higher frequency stimuli. Consistent with previous observations, this delay in the M100 response to low frequency tones (100 Hz) compared with higher frequency tones (1 kHz) is ~30 ms at clearly suprathreshold (20 dB SL) levels. Interestingly, this shift is augmented at lower stimulus intensities (40 ms at 5 dB SL). This might be considered in terms of the generally longer M100 latency values (even at 1 kHz) found at low stimulus intensities; i.e. the fractional increase in M100 latency (from 1 kHz to 100 Hz) is approximately constant at 25-30%. In summary, this suggests that even with weak stimuli, in addition to the tonotopic activity of neurons, the temporal neural activity may encode the stimulus, as proposed for substantially suprathreshold stimuli by Roberts and Poeppel. 12 For all frequency stimuli it was observed that lower intensities gave rise to longer M100 latencies.
At strongly suprathreshold stimulus presentation levels, stimulus intensity has little effect on the latencies of components of the evoked response. The initial observations of Roberts and Poeppel concerning latency-based coding of stimulus frequency were corroborated in a subsequent study in which all stimuli were presented at a constant sensation level (40 dB above threshold), individually calibrated for each stimulus, 18 reinforcing the hypothesis that the observed latency differences are attributable to intrinsic stimulus attribute and not to differences in perceptual level. However, at peri-threshold presentation levels, it is well known that stimulus intensity affects the latencies of components of evoked fields and potentials. 13, 14 The present results confirm this general observation; nevertheless an additional effect of stimulus frequency on M100 latency is still found. This suggests that at low presentation levels, the evoked M100 latency shifts appear systematic, preserving frequency encoding, despite general prolongation due to low sensation level.
No amplitopic gradient was observed in this study. This apparently contradicts the findings of Pantev. 15 However, it must be considered that weaker intensity (0-20 dB SL) stimuli were used compared to the Pantev study (30-80 dB HL). Given the small spatial extent of amplitopic distribution (of the order of 1 cm) observed by Pantev, and the limited precision of single equivalent dipole modeling, it might be expected that any amplitopic organization corresponding to the range from 0 dB would not be resolvable by MEG.
The investigation of temporal encoding mechanisms to supplement spatial mapping for the description of the stimulus properties has focused on two possible information-encoding strategies: coding using spike trains 19 or coding with oscillations. 20, 21 Here we M100 latency at peri-threshold stimulus intensity adopt a third approach, investigating latency-based coding. 12, 22 In particular, we suggest that the precise latency of the characteristic neuromagnetic M100 peak evoked by auditory stimulation indicates attributes of the stimulus. In addition to coding stimulus frequency, the M100 latency also reflects stimulus intensity. The M100 latency appears prolonged by both decreased stimulus intensity and low frequency. Thornton et al. observed a similar dependence for the middle components (8-50 ms) of the auditory evoked electrical potential. 23 The potential ambiguity in M100 latency variation with stimulus intensity and frequency might be resolved by considering additional properties of the M100 peak, such as its magnitude and source localization. It has been shown that stimulus intensity is reflected in the magnitude of the evoked response 9, 13, 14, 24 and in the spatial location of recruited neurons. 15 Elberling et al. have shown that the latency of the M100 peak is longer at lower intensities (~165 ms at 5 dB and 110 ms at 20 dB for a 1 kHz tone burst). Our results are concordant with these latency and amplitude observations but also demonstrate a frequency dependence retained at all intensity levels.
In general, one might hypothesize the following: stimulus frequency is encoded using latency ('tonochrony') and source localization (tonotopy); stimulus intensity is encoded in the response amplitude, latency ('ampli-chrony') and spatial location (amplitopy). The apparently redundant encoding of stimulus frequency may be particularly important at weak intensities because low level stimuli presumably drive fewer neurons, and thus temporal information may be required for decoding.
Conclusion
Human auditory cortex uses temporal coding of stimulus frequency at a variety of stimulus intensities.
Specifically, lower frequency stimuli (100 Hz and 200 Hz) were associated with a significantly prolonged M100 latency than higher frequencies. M100 latencies to all frequency stimuli were shifted systematically by decreasing intensity, retaining the frequency encoding mechanism at any stimulus intensity level.
